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ABSTRACT 


The  luminescence  properties  of  aromatic  hydro¬ 
carbons  in  plastic  matrices  were  examined. 

The  relation  between  luminescence  and  photo¬ 
conductivity  of  zinc  oxide  and  its  dependence  on 
environmental  factors  was  established. 

A  fluorescein  plastic  having,  properties 
Indicative  of  induced  emission  was  made  and  tested. 

A  new  method  for  determining  the  degree  of 
coherence  of  non-monochromatic  light  sources  was 
devised. 
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I  •  Introduction  and  Summa-ny 

The  original  purpose  of  the  project  was  to  investigate  the 
possibility  that  fluorescent  organic  substances  in  high 
polymeric  matrices  might  exhibit  stimulated  emission.  Early 
findings  in  our  laboratory  showed  that  aromatic  hydrocarbons 
dissolved  in  plastics  exhibit  at  room  temperature  a  phosphores¬ 
cence  with  a  lifetime  of  the  order  of  one  second  (Oater, 

Geacintov  and  Khan,  Nature,  126,  1089  (1962)).  It  was  sub¬ 
sequently  found  that  the  details  of  the  emission  (spectra, 
lifetime,  order  of  decay) were  dependent  on  the  nature  of  the 
polymeric  matrix  and  other  factors  (paper  No.  l).  Ultraviolet 
excitation  of  such  systems  produces  not  only  phosphorescence 
but  also  thermoluminsscence  (paper  No.  2).  The  thermoluminescent 
species  is  a  distinct  chemical  species  and  has  a  characteristic 
electron  spin  resonance  signal. 

Some  effort  was  devoted  tc  the  details  of  sample  fabrication. 
We  have  developed  a  differential  heating  technique  for  the 
polymerization  of  methyl  methacrylate  whereby  the  resulting 
plastic  is  free  of  strains  (as  shown  by  the  absence  of  bire¬ 
fringence)  and  free  of  refractive  index  gradients  (as  shown 
by  the  absence  of  sehlieren).  The  method  for  obtaining  plastic 
samples  free  of  optical  inhomogeneities  consists  of  polymer¬ 
izing  the  monomer  in  a  thermal  gradient  with  gradual  extension 
of  the  tube  (containing  the  oxygen-free  monomer)  into  the  better 
portion  of  the  gradient,  the  system  being  driven  by  a  slow  clock 
mechanism. 
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We  also  were  able  to  make  homogeneous  boric  oxide  glasses. 

The  method  consists  of  careful  control  (temperature  and  time) 
of  the  heating  of  boric  oxide  being  cognizant  of  the  various 
hydrates  which  are  transformed.  The  samples  also  do  not 
crystallize  (and  thereby  become  opaque)  as  do  the  samples 
heretofore  described  in  the  literature.  Incidentally,  this 
material  also  makes  a  convenient  matrix  for  inorganic  ions  as 
well  as  for  organic  dyes  and  metal  chelates.  The  material  is 
as  hard  as  silica  glass  yet  requires  only  200°C  for  the  firing 
temperature. 

Dibenzanthracene,  as  well  as  several  other  fused-ring 
aromatic  substances,  in  plastic  matrices  exhibit  strong  triplet- 
triplet  spectra  in  the  visible  range  with  a  lifetime  of  one 
second.  When  such  samples  in  the  form  of  rods  are  placed  in  a 

H  - 

helical  xenon  flash  lamp  the  visible  light  emission  from  the 
lamp  has  a  lifetime  far  shorter  than  the  decay  time  of  the 
xenon  lamp  (i.e.  much  shorter  than  10’^  sec.).  Apparently  due 
to  the  formation  of  the  triplet  species  (which  we  estimate  to 
occur  in  less  than  10  sec.)  there  is  a  filtering  effect  which 
acts  as  a  shutter.  Due  to  the  long  duration  of  the  triplet 
species  the  shutter  is  closed  for  about  one  second.  By  the 
proper  choice  of  aromatic  compound  (e.g.  plcene  which  has  a  deep 
red  absorbing  triplet-triplet  spectrum)  this  should  also  work 
for  the  ruby  laser. 

One  obvious  drawback  of  the  aromatic  hydrocarbons  as 

1  possible  laser  materials  is  that  their  triplet-triplet  absorption 
bands  seriously  overlap  with  the  phosphorescence  emission  bani 
(beta  phosphorescence).  This  problem  does  not  appear  to  be  the 
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case  with  fluorescein,  at  least  in  the  manner  in  which  we  employed 
this  substance  (paper  No.  3)’  Our  samples  are  in  the  form  of 
rods  (but  not  silvered  ends)  and  are  excited  by  a  helical  xenon 
lamp.  Fluorescein  (in  the  unionized  form)  in  polymethyl 
methacrylate  gives  off  a  strong  burst  of  light  of  several  milli¬ 
seconds  duration  after  the  exciting  flash  has  decayed.  The 
natural  lifetime  of  emission  is  shorter  than  the  lifetime  of  the 
pumping  flash  lamp.  The  opposite  is  the  ca3e  with  ruby  and 
hence  results  in  shortened  lifetime  when  threshold  is. exceeded . 
Doubling  the  length  of  the  fluorescein  rod  Increases  the 
intensity  of  emission  by  a  factor  of  one  hundred.  Our  system 
bears  some  resemblance  in  performance  at  room  temperature  to 
that  of  the  europium  chelates  at  low  temperatures  where 
stimulated  emission  seems  to  occur  (Lempicki  and  Saraelson, 

Appi.  Phys.  letters  £,  159  (1963)).  Thus,  we  are  convinced 
that  we  have  demonstrated  induced  emission  in  the  fluorescein 
organic  system  but  we  do  not  have  a  narrowing  of  spectrum  of 
emission  as  is  the  case  with  the  ruby  laser. 

We  noticed  that  zinc  oxide  phosphorescence  at  low  temper¬ 
atures  is  excited  by  red  light  from  a  ruby  laser  or  from  a 
helium-neon  laser.  In  order  to  follow  this  through  we  undertook 
a  detailed  study  of  the  luminescence  and  photoconductivity  of 
zinc  oxide  (paper  No.  4).  Although  this  work  may  not  have 
immediate  application  to  laser  technology  it  does,  however, 
point  out  a  neglected  area,  namely,  environmental  factors,  in 
the  physics  of  solids. 

Since  the  emission  spectra  from  the  fluorescein  plastic 
are  broad  we  felt  the  need  for  a  method  whereby  coherence  as 
a  function  of  wavelength  could  be  determined.  Our  method 


was  tried  with  a  tungsten  source  and  consists  of  the  examination 
of  the  spectra  of  the  central  portion  of  the  interference 
pattern  from  a  Michelson  Interferometer  (paper  No.  5).  The 
method  proved  to  be  sensitive  and  coherence  of  one  part  in  a 
thousand  seems  to  be  feasible  to  detect.  Our  work  shows  that 
interference  can  occur  at  path  differences  a  hundred  times 
greater  than  the  calculated  coherence  length. 
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ORGANIC  PHOSPHORESCENT  MATERIALS* 


Gerald  Otter  and  Gavrislla  Gabor 
Polytechnic  Institute  of  Brooklyn 


ABSTRACT 

Irradiation  by  X»rays  or  by  ultraviolet  light  produces  an  enhanced  phosphorescence 
iu  plastics  containing  dibenx  anthracene*  Samples  which  have  been  irradiated 
exhibit  a  the rxnoluxnine scene e  when  heated  above  room  temperature* 

The  phosphorescence  enhancement  is  accompanied  by  an  increase  of  the  absorption 
at  450  mPand  by  a  free  radical  e  s  r  signal*  On  allowing  the  irradiated  material 
to  stand  for  lon£  periods  of  time  at  room  temperature  all  these  three  characteristics 
decay* 


Introduction 

WMMaaWHMpSMMH*  "» 

Fused* ring  aromatic  hydrocarbons  dissolved  in  plastics  exhibit  phosphorescence 
at  room  temperature?  The  phosphorescence  is  of  a  duration  of  about  one  second* 

On  the  other  hand*  the  fluorescence  has  a  lifetime  of  a  few  nanoseconds*  For  the 
aromatic  hydrocarbons- the  phosphorescence  is  of  the  beta  type*  that  is*  it  is  of 
longer  wavelength  than  the  fluorescence*  Hence*  by  the  simple  expedient  of  intro¬ 
ducing  a  cut-off  filter  for  the  fluorescence,  one  observes  only  the  phosphorescence* 

The  beta  emission  is  associated  with  the  transition  from  the  long-lived  metastable 
state  to  the  singlet  ground  state*  The  situation  is  more  complicated*  however,  since 
in  the  case  of  1,  2,  5,  6  dibensanthacene,  for  example,  two  phosphorence  bands 

change  their  relative  intensities  under  different  conditions  (different  plastic  matrices, 

o 

different  temperature,  etc.  )•  Oxygen  quenches  the  phosphorescence.  The  effort 
is  reversible  in  that  on  removal  of  oxygen  the  phosphorescence  is  completely  restored. 

The  present  work  is  based  on  the  observation  that  samples  of  dibe  ns  anthracene  in 
plastics  and  in  the  presence  of  air  increase  their  phosphorescence  with  increasing 
dosage  of  either  ionising  radiation  or  of  ultraviolet  light*  We  have  also  observed  a 
tkftrmolumine sconce  on  heating  these  samples  which  had  previously  been  irradiated* 

The  effect  of  ionising  radiation  seems  to  be  of  the  same  character  as  that  observed 
with  irradhtion  by  ultraviolet  light*  For  convenience  we  have  employed  in  the  present 
studies  mainly  ultraviolet  light*  We  have  confined  most  of  file  work  to  1,  2,  7,  g 
dibe  ns  anthracene,  since  fids  substance  gives  a  more  pronounced  effect  then  does 
1,  2,  5,  6  dibenzanthracene  or,  for  that  matter,  any  of  the  other  available  hydro¬ 
carbons* 

Experimental 

In  the  present  studies  we  confined  our  attention  to  only  two  matrices,  namely 
polyvinyl  chloride  and  polymethyl  methacrylate*  Polyvinyl  chloride  was  found  to  be 
a  more  effective  matrix  for  the  production  of  increased  phcsphorscence.  The  f used- 
ring  aromatic  hydrocarbon  1,  2,  7,  8  dibenzanthracene  (hereafter  abbreviated  as 
DBA)  was  mixed  and  ground  with  the  powdered  polymer*  The  mixture  was  subjected 

3  = 

to  pressure  (18, 0"  p.  n.  i. )  and  heat  (ISO*  C  for  polyvinyl  chloride  and  180*  C  for 

3  3 

polymethyl  methac ryla.  3,  in  a  heated  hydraulic  press* 

fhe  absorption  spectra  of  the  clear  plastic  films  were  measured  in  a  Cary  14 

■s  « 

spectrophotometer*  The  absorption  spectra  of  DBA  in  file  films  are  identical  with 

3 

those  in  ordinary  organic  solvents*  The  absorption  spectra  above  280mp  consist# 

I 

of  many  peaks  groiped  into  three  bands.  The  first  region  which  corresponds  to  the 
transition  to  the  first  excited  singled  sfdfe'  is  between  365  and  400  raj 4  while  the 


-2- 

■ectmd  excited  singlet  transition  is  between  320  to  365  m/4 

The  emission  spectre  were  determined  with  Perkin  .-Elmer  monochrometer  end 
the  intensity  wee  recorded  photometric ally.  The  exciting  light  wee  e  mercury  ere 
(point  source  Osrem  KBO- 100)  where  the  mercury  lines  were  isoleted  with  e  Banitth  . 
end  Lomb  grating  monochrometer* 

* 

On  irradiation  of  the  sample  with  e  1 00  watt  mercury  lamp  (GE  type  AIM)  at  e 
distance  of  30  cm*  the  phosphorescence  (as  observed  by  excitation  with  a  4  watt  GE 
Black  lamp  emitting  mainly  365  m/6  increases  with  time  of  irradiation(F ig»  1 /•Elim¬ 
ination  of  irradiation  wavelengths  below  33  m/i  (using  appropriate  cut-off  filters ) 
did  not  influence  the  effect*  Elimination  of  365  m/i  from  the  irradiation  source*  how¬ 
ever*  practically  eliminated  the  effect*  Irradiation  with  a  mercury  resonance 
lamp  (emitting  mainly  254  in/4  resulted  in  decomposition  of  the  aromatic  hydrocarbon* 
This  destruction  of  the  hydrocarbon  was  not*  however*  apparent  when  irradiation  was 
carried  out  using  X-rays  since  the  effective  dosages  were  quite  small*  In  the  case 
of  ionizing  radiation  the  source  was  a  tungsten  target  Machlett  tube  operating  at  50  KV 
and  10  milliampst 

On  irradiation  the  absorption  spectrum  of  DBA  is  modified*  In  particular  a  new 
peak  is  produced  at  450  m/i  (Fig.  2)*  Both  the  absorption  and  the  phosphorescence 
increase  in  parallel  manner  (Fig*  1*  Table  1 ).  In  the  phosphorescence  spectrum  of 
unirradiated  polymer  (in  the  absence  of  oxygen)*  -the  ratio  of  the  orange  to  green 
peaks  is  nearly  unity*.  With  irradiated  polymer*  the  orange  to  green  ratio  progressive 
ly  increares  (Table  1). 

Plastic  films  which  are  thin  show  a  greater  sensitivity  to  irradiation  than  those 
which  are  thick*  Thus*  for  the  production  of  the  same  degree  of  phosphorsceace  and 
of  the  450  m/i  absorption  peaks  a  dosage  of  forty  times  more  is  required  for  a  0*46  mj. 
sample  Han  for  a  0*  16  mm*  sample*  The  450  m/x  absorption  peak  decays  slowly  with 
time  at  room  temperature  and  the  decay  (first  order)  is  more  rapid  for  the  thin  sample 
than  for  the  thick  sample  (decay  times  of  1.0  x  10  sec.  and  1. 1  x  10  sec**  respec¬ 
tively)*  The  decay  in  the  intensity  of  phosphorescence  follows  that  of  the  decay  in  the 
absorption  at  450  m/4  The  decay  is  slower  in  vacuo  than  in  the  presence  of  oxygen* 

On  rapid  heating  (about  80-90*  cflhe  irradiated  sample  the  loss  of  the  450  m/1 
peak  is  immediate  and  a  thermoluminescence  is  observed.  This  effect  should  not  be 
confused  with  the  low-temperature  thermoluminescence*  The  plastic  containing  DBA* 
whether  or  not  it  had  been  previouslv  been  irradiated*  will  show  a  thermoluminescence 
when  it  is  excited  with  weak  ultrav  Jt  light  at  liquid  nitrogen  temperature  and  then 
wanned  up*  At  liquid  nitrogen  temperature  the  sample  exhibits  a  very  long  lived 
phosphorescence  which  is  independent  of  whether  or  not  die  sample  had  been 
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irradiated.  After  the  phosphorescence  is  allowed  to  decay  at  -196*  C  the  sample 

ie  warmed  up  and  a  strong  thermoluminescence  appeared  with  its  greatest  intensity 

at  about  - 130*  C.  Here  again*  the  effect  is  independent  of  the  previous  irradiation* 

The  plastic  alone  (i.e*  DBA  absent)  likewise  exhibits  a  low- temperature  thermo- 
4  “ 

luminescence  but  this  effect  is  several  orders  of  magnitude  weaker  than  when  DBA 
is  present* 

Electron  spin  resonance  of  the  samples  were  measured  in  a  Varian  apparatus 
(Model  )»  The  unirradiated  samples  showed  no  signal  nor  did  the  irradiated 
polymer  (free  of  DBA).  The  irradiated  samples  containing  DBA  showed  a  strong 
signal  at  a  frequency  of  9506  I  0.5  megacycles  and  H  =  3*400  gauss  with  a  signal 
width  of  about  )  gauss*  This  is  a  characteristic  free  radical  signal^*  The  signal 
decays  at  room  emperature;  with  time  exactly  parallel  to  the  decay  in  the  450  mji 
absorption  peak  (Fig*  3)« 

least 

With  X-rays  the  effect  is  linear  with  dosage  at  down  to  600  r,  the  lower  detectible 
limit  of  the  phenomenom* 


Discussion 

There  are  three  related  phenomena  which  occur  when  irradiating  a  sample  of 
polymer  containing  DBA*  There  are  the  increases  in  the  phosphorescence*  the 
absorption  at  450  mfiand  die  free-radical  e*  s*  r.  signal*  All  three  phenomena  decay 
at  room  temperature  with  the  same  rate* 

The  phosphorescence  of  the  irradiation  product  is  richer  in  green  than  in  orange 
emission  in  contrast  to  the  normal  DBA  suggesting  that  the  enhanced  emission 
arises  from  a  new  miical  species*  This  species  is  free  radical  in  nature 
(as  shown  by  e*  s.  r*  spectra)  and  might  be  a  photo-ionised  form  of  DBA*  The 
ionisation  potential  of  DBA  in  polymeric  matrices  is  not  known  and  might  be 
considerably  lower  than  those  calculated  for  aromatic  hydrocarbons  molecules 
in  vacuo  *  The  slow  decay  at  room  temperature  of  these  species  may  be  due  to  the 
slow  diffusional  encounters  of  die  trapped  photo- electrons  and  the  ionised  species* 

On  warming  the  irradiate^  *  ample  the  plastic  is  softened  and  hence  the  recombination 
(accompanied  by  emiss^  .  ,  is  considerably  accelerated*  It  is  well' known  that  free 
radicals  are  readily  attacked  by  oxygen  (to  give  peroxides)  and  hence  the  enhanced 
rate  of  disappearance  of  these  species  by  oxygen  is  understandable*  This  also 
explains  why  the  thinner  samples  in  air  show  a  greater  rate  of  decay  than  die 
thicker  samples  since  oxygen  diffusion  is  the  rate -controlling  step*  Oxygen  also 
plays  a  role  in  the  formation  of  the  radical  species  since  for  a  given  dosage  of 
absorbed  ultraviolet  light  the  effect  is  greater  the  thinner  the  sample. 
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Table  I 

1.  2.  2.  8  DBA  in  PVC  5%  ,31mm  thick. 
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f  FIGURES 

fig.  1  Parallel  increase  of  optical  density  at  450  mfi(D)  and  phosphorescence  no 
fluore.c.ac.  rlio  (p/I)  on  UV  tanicnUMonTci«I«l  ft? 

the  decay  of  the  effects. 

^  Production  of  emitting  species  as  measured  by  production  of  new  absorption  b 

Fig.  3  Decay  of  emitting  species  as  measured  by  decrease  of  absorption  at  450  mil 
and  decay  of  e.  s.  r.  signal. 


FLASH-INDUCED  EMISSION  FROM  A  FLUORESCEIN  PLASTIC* 

A&dt-xej  Eacsynski*  and  Gerald  Oster 
Polytechnic  Institute  of  Brooklyn 
Brooklyn,  Vw  fork,  11201 

V/hca  dye  a  are  present  during  the  free  radical  polymerisation  of  vinyl  monomers 
the  dye  is  incorporated  into  the  polymer  chain  by  virtue  of  chain  transfer The 
luminescence  properties  of  the  resultant  plastic  may  differ  from  those  observe!  by 
merely  dissolving  the  dye  in  a  rigid  glass  or  in  a  plastic  matrix.  We  have  observed 
that  fluorescein  chemically  combined  with  polymethyl  methacrylate  plastic  exhibits 
at  room  temperature  unusual  luminescence  behavior  when  excited  with  a  strong  flash 
of  light. 

Fluorescein  (acid-free)  was  dissolved  in  freshly  distilled  methyl  methacrylate 
containing  0, 1%  benzoyl  peroxide  and  the  mixture  was  allowed  to  polymerize  in  6  min. 
diameter  glass  tubes  sealed  at  both  en's.f  In  order  to  reduce  optical  inhomogeneities 
the  polymerization  was  carried  out  in  a  thermal  gradient.  The  resultant  plastic  rod 
was  removed  from  the  glass  tube  and  its  ends  were  cut  and  polished.  Repeated 
selective  solvent  extraction  of  the  material  shows  that  fluorescein  had  been  chemically 
combined  with  the  polymer. 

In  the  monomer' fluorescein  absorbs  maximally  at  320  nftaiid  at  450  mftwith  a 

fluorescence  emission  band  al  505*  m/4  th*  band  width  being  about  100  m/4  The  long 

wavelength  absorption  peakf  depends  strongly  on  the  concentration  but  the  fluorescence 

2 

emission  spectrum  remains  practically  unchanged.  On  polymerization  the  absorptior 
band  at  320  m|i  (which,  by  the  way,  corresponds  to  the  strongly  absorbing  region  of 
the  polymer)  shifts  to  355  m/i  with  a  marked  increase  in  extinction  coefficient  but  the 
luminescence  spectrum  is  still  maximally  at  505  m/4 

4  .  l 

On  excitation  of  this  rigid  system  with  a  low  intijaiity  flash  the  phosphorescence 
(alpha  type)  has  a  lifetime  smaller  than  one  millisec.  With  high  intensity  flash 
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cxcitaiion  (achieved  with  a  FX-42  fla^h  lamp  with  the  svnple  replacing  the  roby  rod 
of  a  type  3542  Maser  Optic*  laser)  the  emission  is  prolonged  and  shows  maxima  * 
several  milliseconds  after  the  flesh  is  initiated*  In  Fig*  1  is  shown  a  typical  result 
which  can  be  repeated  several  times  for  a  given  sample.  The  effect  depends  critic¬ 
ally  on  the  concentration  of  the  dye  and  is  best  for  concentrations  between  10’*  and 
-5 

10  gm*  dye  per  gm*  of  original  monomer*  The  high  concentration  limit  may  be 
due  to  reabso  otion  of  the  emission  due  to  the  long  wavelength  absorption  band 
which  for  the  polymer  is  also  strongly  dependent  on  dye  concentration*  Doubling  of 
die  length  of  the  rod  increases  die  intensity  of  emission  by  a  factor  of  one  hundred 
but  in  this  case*  after  a  few  flashes,  burnt-out  specks  appear  along  die  core  of  the 
sample*  There  is  a  critical  threshold  of  flash  intensity  (500  joules  for  a  2*  5  cm 
sample  but  much  lower  for  a  6  cm*  sample)  below  ^uch  this  emission 

disappears* 

The  fact  that  die  emission  does  not  decay  monotonic  ally  rules  out  die  possi¬ 
bility  of  delayed  emission  due,  for  example,  to  die  recombination  of  trapped 
electrons  and  holes*  The  effect  is  not  due  to  thermoluminescence  (evoked  by  heat 
production  during  the  flash)  since  we  observed  a  threshold  energy  and  a  critical 
dye  concentration  for  the  effect*  The  existence  of  a  threshold  and  of  die  enhanced 
effect  when  the  length  of  die  rod  is  iaercs'-ed  suggest  the  possibility  of  stimulated 

emission*  Claims'*  of  stimulated  emission  for  aromatic  compounds  in  low  tempera- 

4,  5 

ture  glasses  have  not  been  substantiated  •  Such  compounds  exhibit  a  bets 

6  6  7 

phosphorescence  in  plastics  and  their  triplet-triplet  absorption  9  seriously 

overlaps  with  the  emission*  Indeed,  we  were  unable  to  observe  the  fluorescein 

type  emission  with  picene  or  with  dibe  ns  anthracene,  both  of  which  exhibit  s  bets 

phosphorescence^*  The  emission  characteristics  of  our  system  are  very  similar 

to  those  observed**  for  europium  chelates  at  low  temperatures* 
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Figure 


Time  course  of  exrissl  >n  from  a  fluorescein  plastic  2L5  cm*  lot /(dye 
cone*  5  x  10°  gm  per  gm  of  monomer}*  Input  energy  600  jollies*  Dotted 
curve  represents  cacey  of  flash  tube,  light  detector:  RCA  7102  multiplier 
phototube* 
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ENVIRONMENTAL  FACTORS  IN  THE  LUMINESCENCE 
AND  PHOTOCONDUCTIVITY  OF  ZINC  OXIDE1*1 

by 

Gerald  Os  ter  and  Masahide  Yamamoto 
Department  o£  Chemistry 
Polytechnic  Institute  of  Brooklyn 
Brooklyn*  N.  Y.  11201 

ABSTRACT 

Oxygen  quenches  the  room  temperature  fluorescence  of  powder  sine  oxide  but 
enhances  the  low  temperature  phosphorescence  and  thermoluminescence.  The  low 
temperature  ultraviolet  emission  (edge  emission)  is  quenched  by  oxygen*  Water  in 
the  presence  of  oxygen  is  particularly  effective  and  this  is  ascribed  to  the  production 
of  hydrogen  peroxide. 

Parallel  effects  are  observed  for  die  photoconductivity  but  water  is  less 
effective  due  apparently  to  enhanced  contact  conductivity. 

Flash  desorption  ox  oxygen  shows  a  parallel  behavior  of  room  temperature 
luminescence  and  photoconductivity. 
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Introduction 

Zinc  oxide  is  *  photo  sene  itiser  for  reduction  or  oxidation  reaction  For 
example*  when  sine  oxide  is  excited  by  ultraviolet  light*  in  the  presence  of  water 
and  oxygen*  hydrogen  peroxide  is  produced.  In  recent  years  an  electrostatic 
photographic  process  ("Eiektrofa?"^)  has  been  developed  which  depends  on  the 
photoconducting  properties  of  sine  oxide*  Practice  has  shown  that  this  process  de¬ 
pends  critically  on  ambient  conditions*  The  role  of  oxygen  in  the  photoconductivity 
of  sine  oxide  has  been  extensively  studied^.  A  correlation  ot  photoconductivity  and 
luminescence  of  sine  oxide  has  not  been  established.  Furth&rraor**  the  effect  of 
water*  which  is  important  for  the  catalytic  properties  of  sine  oxide*  has  not  been 
heretofore  examined* 

In  the  present  work  the  luminescence  (fluorescence*  phosphorescence  and 
thermoluminescence)  and  photoconductivity  of  sine  oxkfe  are  studied  under  a  variety 
of  environmental  conditions  (oxygen  and  water  pressure  and  at  various  temperatures) 
using  a  single  type  of  sine  oxide  powder.  One  result  of  this  work  is  to  separate 
intrinsic  properties  from  properties  associated  with  the  surface  of  characteristics 
of  the  polycrystalline  material*  Our  results  help  to  establish  a  connection  between 
these  properties  and  the  photocatalytic  properties  of  sine  oxide. 

Choice  of  Zinc  Oxide  and  Semple  Preparation 

Zinc  oxide  is  available  in  many  forms  but  usually  excess  interstitial  sine  is 
present  and  hence  the  material  is  an  n4ype  semiconductor.  For  our  stuc.^s  we  used 
the  purest  sine  oxide  powder  (diameter  approx.  0.3  microns*  specific  surface  area 
about  4  square  meters  per  gram)  commercially  available*  namely  type  SP-500 
obtained  from  the  New  Jersey  Zinc  Company.  This  material  contains  one  part 
per  million  of  iron*  copper*  and  manganese  as  impurities.  It  >  made  from  the 
oxidation  of  sine  vapor  and  is  pure  white*  unlike  sine  oxide  samples  which  have  been 
sintered  above  600*  C  which  are  yellowish. 

For  photoconductivity  studies  the  powder  was  pressed  into  a  pellet  using  a 
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hydraulic  press  <400  kilograrar  per  cm2)  and  the  pellet  {discicm  in  diameter  and 
C.5  mm  thick)  was  sintered  at  400*  C  for  one  hour*  This  latter  treatment  is  known 
to  have  no  effect  on  the  electrical  properties  of  the  material*  Conducting  electrodes 
were  applied  to  the  pellet  using  Silpaint  (type  3043-01  from  Handy  and  Harmon  Co*  * 
New  Yorn)?  the  distance  between  electrodes  being  5  mm*  The  sample  is  mounted 
with  its  conducting  wires  on  to  a  Luc  it  e  support  which  is  inserted  into  a  glass  con¬ 
tainer  which  can  be  evacuated*  For  luminescence  studies  the  zinc  oxide  powder  was 
used  directly  in  a  flat  container  which  is  connected  to  the  vacuum  system. 

■Apparatus  and  Methods  of  Measurement 

A  variety  of  radiation  sources  were  employed*  For  the  365  m  p  radiation 
(approx.  4  x  10*^  einsteins  per  sece  falling  on  the  stJnple)  a  100  watt  mercury  lamp 
(GE-AH4)  was  used  in  conjunction  with  a  Wood's  glass  filter*  For  visible  light  a 
500  watt  tungsten  lamp  wn«  used  in  a  35  mm  slide  projector  equipment  with  a  heat 
filter  and  various  filtered  (Bausch  and  Lomb  interference  filters  and  Corning  Class 
cut-off  filters)  were  employed*  In  one  experiment  a  He-Ne  laser  (General  Tele¬ 
phone)  was  used.  The  X-ray  source  was  a  5  kilowatt  tungsten  target  (Matchlett 
tube)  installation  whose  voltage  and  current  were  varied.  The  dose- rate  was  de¬ 
termined  by  the  current  produced  in  a  silicon  P-N  junction  of  known  diffusion  path 
length.  ^ 

For  most  of  the  studies  of  luminescence  intensity  the  detecter  is  a  RCA  931- A 
photomultiplier  with  an  ultraviolet  cut-off  filter  (Corning  3-71)  used  in  conjunction 
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with  an  Aminco  stabilized  voltage  supply  and  current  circuit  wit**,  ?he  output  re¬ 
corded  on  a  Varian  3-10  recorder.  For  the  spectral  analysis  of  luminescence  we 
used  a  Carey  14  spectrophotometer  with  the  fluorescence  attachment  (medium 
pressure  mercury  lamp  with  Wood's  glass  filter). 


Photoconductivity  was  measured  under  an  applied  voltage  of  4. 5  volts  across 
the  sample  and  the  current  across  the  load  resistance  (IP,  000  ohms)  was  determined 
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with  a  General  Radio  DC  electrometer  (type  1230-A)  and  the  output  wa«  applied  to  a 
recorder 

The  vacuum  system  is  o f  the  conventional  design  and  pressures  down  to  5  x  10~* 
Hg  were  obtainable  when  the  sample  was  in  the  system*  Purified  oxygen  (Matheson 
Research  Grade)  was  used  and  the  water  was  rendered  free  of  oxygen  by  repeated 
freezing  and  thawing  under  vacuum* 

For  thermoluminescence  studies  the  apparatus  of  Randall  and  Wilkins^  was 
employed.  The  sample  is  attached  to  a  cooling  block  which  is  surrounded  by  a 
heating  coil.  A  thermocouple  is  inserted  close  to  the  sample.  We  modified  their 
apparatus  so  that  the  sample  could  also  be  evacuated*  The  rate  of  heating  of  the 
system  (0. 1*  C  per  sec* )  was  controlled  with  a  variable  transformer* 

Luminescence  at  Room  Temperature 

Zinc  oxide  st  room  temperature  has  a  feeble  luminescence  when  excited  with 

radiation  below  about  330  mji  the  limit  of  edge  absorption  as  shown  by  reflection 

measurements.  *  The  emission  is  greenish*whitsr(maxiumat  500  m|i  Fig*  1A)  and,  in 

addition*  there  iasemuitravioirt  wrdesjonyaifcat  372  mp  which  at  low  temper  atmta*  iop 
fine 

exhibits!  sa /Structure  as  shown  1st  Fig.  IB  (<&ge  emission  spectrum)* 

Oxygen  depresses  the  luminescence  in  both  the  visible  region  and  in  the  ultra¬ 
violet  region  as  shown  in  Fig.  1A.  Water  has  no  effect  on  the  visible  luminescence  a 
least  up  to  a  pressure  of  24  mm  Hg.  But  the  combination  of  water  and  oxygen  quenchia 
the  fluorescence.  Thus  if  the  intensity  of  fluorescence  in  vacuo  is  100%*  then  with 
oxygen  at  27  mm  Hg  die  intensity  is  84%  but  with  24  mm  Hg  of  water  vapor  and  24 
rrym  Hg  of  oxygen  the  luminescence  is  r  iduced  to  31%.  AUylhydroxyethylfiiiouxea,  •«. 
a  mild  chemical  reducing  agent,  increases  the  fluorescence  of  sine  oxide  in  the 
presence  of  sir,  the  compound  being  applied  in  the  form  of  an  alcoholic  solution  to 
give  a  mull.  The  fluorescence  after  a  short  induction  period  increases  with  time 
of  ir-adiation  with  365  mp*Fig*  2*  indicating  that  the  compound  is  being  consumed 
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by  active  oxygen  produced  by  the  excited  sine  oxide.  A  similar  result  is  observed 
with  X-ray  excitation. 

Photoconductivity  at  Room  Temperature 

Oxygen  affects  not  only  the  photoconductivity  of  sine  oxide  but  also  its  dark 
conductivity.  Oxygen  decreases  the  dark  conductivity^  but  on  introduction  of  oxygen 
to  an  evacuated  sample  the  behavior  is  complicated.  A  sample  of  sine  oxide  was 
irradiated  for  a  long  period  of  time  with  ultraviolet  light  while  being  evacuated  and 
left  in  the  vacuum  for  two  days.  The  dark  current  was  measured  at  various  oxygen 
pressures  (Fig.  3) «  The  temperature  dependence  of  the  dark  conductivity  showed  an 

Q 

activation  enc  gy  of  0. 03  ev  in  agreement  with  that  found  by  Harrison  who  used  the 

same  sample  of  sine  oxide  which  we  employed  but  with  different  sintering  conditions. 

As  seen  by  curve  A-B  the  current  decreases  most  rapidly  as  a  function  of  oxygen 

•  2 

pressure  in  the  neighborhood  of  19  mm  Hg  and  thence  is  insensitive  to  oxygen 

pressure.  If  now  the  oxygen  pressure  is  decreased  (curve  B-Cr)  the  dark  current 

remains  at  the  low  level  and  only  increases  if  the  ss^aple  is  allowed  to  stand  for 

very  long  periods  of  time  (24  hours  for  C'-C*  $  12  hours  for  C?-C"*»  8  hours  for 

C“-D)  at  pressures  below  10"*  mm.  oxygen.  Now  on  introduction  of  oxygen  the 

curve  (D-E)  follows  roughly  the  original  curve  (A-B)  in  that  the  greatest  decrease 

•2 

in  current  .  occurs  at  about  10  mm  Hg. 

The  photocurrent*  as  a  function  oi  oxygen  pressure  starting  with  the  evacuated 
sample  (curve  F-G)  has  a  similar  form  to  curves  A-B  and  D-E  but  the  photoconduc¬ 
tivity  with  decreasing  oxygen  pressures  (curve  H-l)  actually  shows  a  broad  minimum 
in  the  neighborhood  of  10“*  mm  Hg. 

In  all  cases  the  current  measured  at  the  various  oxygen  pressures  is  the 
reasonably  steady  value  observed  after  ten  minutes  of  current  flow. 

Water  vapor  whether  alone  or  in  the  presence  of  oxygen  slightly  increases  the 
dark  conductivity.  Oxygen  considerably  decreases  the  photoconductivity  but  addition 
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of  moisture  does  not  appreciably  enhance  this  effect* 

After  removal  of  exciting  light  the  decay  in  conductivity  in  vacuo  is  extremely 
slow  but  with  m&isture  it  is  rapid  and  the  decay  is  intermediate  with  oxygen  (compar 
ref*  8)*  The  fluorescence  intensity  at  room  temperature  follows  the  conductivity  as 
regards  the  effects  with  oxyget.*  This  parallelism  is  illustrated  in  Fig*  4*  The 
exciting  light  is  a  xenon  photographic  flash  lamp  whica  is  activated  momentarily 
(flash  duration  about  10  sec* )  which  is  superposed  on  the  weak  steady  illumination 
from  a  weak  365  m/i  source*  Oxygen  decreases  both  the  photoconductivity  and  the 
fluorescence  under  weak  irradiation*  The  superposed  fluoresce  nee  produced  by  the 
flash  demonstrates  the  action  of  the  flash  in  temporarily  removing  oxygen  from  the 
surface  of  the  solid10*  The  slow  decay  of  fluorescence  in  the  absence  of  oxygen 
atmosphere  is  parallel  with  the  slow  decay  of  photocurrent* 

Ionising  radiation  also  increases  the  conductivity  of  sine  oxide.  The  effect  is 

very  sensitive  and  the  relative  change  in  conductivity  is  directly  proportional  to  the 

dosage  as  shown  by  electrom  beam  irradiation11.  In  Fig*  5  are  shown  our  results 

for  X-ray  excitation  as  a  function  of  dose  rate*  This  system  appears  to  be  a  practice. 

12 

dosimeter  of  ionising  radiation  •  Incidentally*  we  for^d  that  the  "Electrofax" 
process  is  also  susceptible  to  X-rays*  The  sine  oxide  paper  was  electrically 
charged  with  a  Tesla  coil  and  then  exposed  to  X-rays  through  a  lead  mask*  On 
subsequent  dusting  with  an  oppositely  charged  powder  (the  "toner”)  an  image  in  the 
non- irradiated  portion  appears.  This  method  is  sensitive  to  dosages  of  about  5 
roentgens* 

Luminescence  at  low  Temperatures 

The  time  response  of  photoconductivity  of  sine  oxide  at  low  temperatures  is 
too  slow  to  be  conveniently  measured  since  the  material  has  a  very  10w  conductivity 
when  cooled*  At  low  temperatures  (e*g.  liquid  nitrogen  (-196*  C)  sine  oxide 
exhibits  a  phosphorescence  of  duration  of  some  minutes  and  on  warming  the  sample 
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irom  the  low  temperature  it  >howc  the  me  luminescence*  The  phosphoresce  ace 
shows  only  visible  emission  (mix.  500  m|4» 

At  - 196*  C  the  phosphorescence  decays  according  to  a  second  order  recom¬ 
bination,  i.  c.  the  intensity  follows  closely  the  expression  1  =  1^(1  +  t)"2.  We 

found  that  if  t  is  expressed  in  seconds  then  with  oar  light  source  (AH-4  lamp  with 
Wood's  glac  filter)  =  2.57  x  10” 2  sec"  *.  Thus  the  intensity  decays  to  one 

half  its  initial  value  at  t  *  16. 1  sec.  Light  above  430  mp  quenches  the  phosphoresce 
(also  the  thermolutninescence)  and  even  a  weak  laser  beam  (632*.  8  mil  is  effective. 

Oxygen  enhances  the  intensity  of  the  low  temperature  visible  emission,  in 
contra  *  to  its  effect  at  room  temperature.  Thus  the  maximum  in  the  visible  peak 
is  enhanced  by  10%  on  addition  of  oxygen  (60  mm  Hg)  to  an  evacuated  sample.  Water 
vapor  also  increases  the  effect  (46%  at  23  mra  1%)  and  the  combination  of  water  and 
oxygen  is  additive  in  their  enhancement  effect.  On  the  other  hand  thw  intensity  of  the 
uear  ultraviolet  fluorescence  emission  bands  at  low  temperatures  a&  quenched  by 
oxygen  (Fig.  1).  Oxygen  also  extends  the  long  wavelength  portion  of  the  visible 
emission  of  the  phosphorescence. 

The  felow  curve  for  sine  oxide,  that  is,  the  emission  as  a  function  of  temperatufc 
for  the  material  which  had  been  irradiausd  at  liquid  nitrogen  temperature  is  caown 
in  Fig.  6.  It  was  found  'hat  for  short  periods  of  illumination  at  (-196*  C)  the  in¬ 
tensity  of  thermoluminescent  increases  with  increasing  time  o£  irradiation  but  that 
for  illumination  tiroes  (with  the  AH-4  lamp)  exceeding  about  one  minute,  the  intensity 
of  thermoluminescence  is  unchanged.  An- seen  in  Fig.  6  die  glow  curve  has  a  strong 
maximum  at  -130*  C  and  a  shoulder  at  -110*  C.  Oxygen  does  not  influence  the  form 
of  the  glow  curve. 

The  total  visible  tfcermoluminescence,  i.e. ,  the  integral  of  die  glow  Curve  is 
enhanced  by  oxygen  by  a  factor  of  two  over  that  in  vacuo.  A  trace  of  moisture  also 
has  an  enhancing  effect.  The  combination  of  moisture  and  oxygen  is  particularly 
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effective  in  enhancing  the  total  thermoluminescence* 

Here*  again  the  same  results  are  obtained  for  X-ray  excitation  as  for  ultra¬ 
violet  excitation* 


DISCUSSION 

Since  the  photoconductivity  and  luminescence  require  near  ultraviolet  light* 
the  energy  necessary  to  raise  an  electron  to  the  conduction  band  is  of  the  order  of 
3  ev.  The  midpoint  of  the  absorption  rage  is  about  380  mp and  hence  the  mere  pre- 

i 

cise  value  is  3*3  ev*  It  is  known  from  die  exciton  theory  of  solids  (for  review  see 

ref.  13)  that  excitation  at  an  absorption  edge  can  give  fine  structure  in  the  emission 

14 

spectrum*  The  origin  of  the  fine  structure  of  emission  from  sine  oxide  is  not* 
however*  unambiguous.  The  fact  that  oxygen  quenches  tt.s  luminescence  strongly 
suggests  that  the  fine  structure  may  not  arise  entirely  frem  the  intrinsic  properties 
of  toe  material  but  the  surface  nature  of  the  sine  oxide  powder  has  some  role  in  this 
phenomenon.  The  fact  that  treatment  of  single  crystals  of  zinc  oxide  alters  the  edge 

7 

absorption  spectrum  supports  our  contention* 

The  luminescence  presumably  arises  from  a  recombination  of  electrons  and 
holes.  The  visible  emission  band  (maximum  at  500  mji  corresponds  to  a  transition 
fr^m  the  conduction  b?4id  to  a  luminescent  center  2*  5  ev  below.  The  maximum  in  the 
glow  curve*  namely  at  -130*  C»  corresponds  (see  ref.  15)  to  an  energy  level  of 
0.27  ev  which  lie*  very  close  to  the  conduction  i  and  and  on  activation  with  heat  is 
raised  to  the  conduction  band  and  thereby  produces  the  thermoluminescence*  These 
levels  also  correspond  to  traps  for  the  low  temperature  phosphorescence*  The 
luminescence  is  of  long  duration  because  of  retrapping  of  electrons  by  these  levels* 
Another  somewhat  deeper  trap  corresponding  to  -110*  C  lies  at  0.32  ev  below  the 
conduction  band.  The  quenching  of  thermoluminescence  by  visible  light  suggests  the 
presence  of  intermediate  energy  levels  corresponding  to  absorption  by  visible 
light*  Another  group  of  levels  (shallow  donor  levels)  are  present  since  sine  oxide 


-9- 


1 

serves  as  a  sensitizer  for  the  visible  light  photoreduction  of  silver  ions  , 

At  room  temperature  oxygen  suppresses  the  luminescence  presumably  by 
trapping  electrons  from  the  conduction  band*  That  is*  these  levels  correspond  to 
surface  traps*  At  low  temperatures  these  surface  traps  serve  as  storage  centers 
and  the  electrons  are  promote^  to  the  conduction  band  with  accompanying  phosphoresce*^ 
or  thermoluminescence*  The  surface  traps  suppress  at  room  temperature  die  con¬ 
ductivity  by  combining  with  electrons*  The  mechanism  of  combination  may  involve 
the  conversion  of  physically  adsorbed  oxygen  into  chemisorbed  oxygen  (possibly  O^)* 

In  addition*  a  depletion  layer  is  produced  which  increases  the  resistance  at  the 
points  of  contact  of  the  zinc  oride  granules* 

The  unexpectantly  large  quenching  of  the  room  temperature  luminescence  by 
the  combination  of  water  and  oxygen  indicates  an  irreversible  loss  in  electrons*  This 
is  further  suggested  from  the  fact  that  hydrogen  peroxide  is  produced  efficiently1* 

The  enhancement  of  low  temperature  pbosphorescenreandof thermoluminescencfcby 
water  could  arise  from  the  polarizing  action  of  the  molecules  on  preserving  the 
storage  centers*  The  combination  of  water  and  oxygen  does  not  lower  the  room 
temperature  photoconductivity  appreciably  below  that  for  oxygen  alone  Apparently 
water  may  compensate  for  irreversible  losses  in  electrons  by  enhancing  the  electrical 
contacts  between  the  grains  of  die  powder* 
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FIGURES 

Fig*  1A*  Luminescence  spectre  of  sine  oxide  at  25*  C. 

Solid  line :  in  vacuo*  Dotted  line:  in  oxygen. 

Fig*  IB*  Luminescence  spectra  of  sine  oxide  at  -19S*C* 

Solid  line;  in  vacuo*  Dotted  line)  Id  oxygen* 

Fig.  2*  Visible  fluorescence  increase  in  the  presence  of  *llylbydroxyetbyltkiour< 
Excitation  wave  length  :365mp 

Fig.  3*  Oxygen  pressure  dependence  of  dark  current  and  photocurrent* 

Solid  line:  photocurrent*  Dotted  line:  dark  current* 

Fig.  4.  Comparison  of  the  visible  fluorescence  and  photocurrent  after  strong 
ultraviolet  flash  excitation. 

Figi  51  jg-  versus  dose  rate! 

Fig.  6.  Glow  curve  cf  the rmolumine sconce  in  vacuo. 

Heating  rate  »  0.09*  per  second. 
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Spectral  Modulation'of  White  Light  as 
Observed  with  an  Interferometer* 
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(Received  20  April  196S) 


A  HIGH-FREQUENCY  modulation  in  the  photocurrent  was 
observed  by  Alford  and  Gold1  by  superposing  on  a  photo- 
electric  detector  two  slowly  and  coherently  modulated  light  beams 
from  a  common  light  source,  although  the  path  difference  was 
much  greater  (aUiut  100  m)  than  the  coherence  length.  Givens1 
has  suggested  that  the  same  effect  should  L:  observable  with  two 
stationary  coherent  but  unmodulated  light  lieams.  Mandel*  has 
shown  theoretically  that  the  super|>osition  of  two  coheient  light 
lieams  with  a  path  difference  greater  than  the  coherence  length 
leads  to  a  spectral  modulation  which  depends  on  the  path  dif¬ 
ference.  The  present  note  is  a  description  of  experiments  with 
polychromatic  light  which  gives  such  spectral  modulation.  In 
addition  to  giving  a  measure  of  the  tern|xiral  degree  of  coherence, 
our  method  also  has  some  practical  implications.  Essentially  wc 
examine  spectrally  the  real  interfen  ace  diagram  (i  -  ,  lens-free4) 
obtained  with  a  Michelson  interferometer,  the  observations  Uing 
made  of  the  central  spot  of  the  (I  ngram. 

The  diagrammatic  representation  of  the  Michelson  interferom¬ 
eter  is  given  in  big.  1,  where  S  is  the  source  whose  images  Si  ami 
3j  obtained  from  the  reflections  of  the  mirrors  Mi  and  Mj  (ser¬ 
rated  by  a  distance  s)  produce,  with  monochromatic  light,  inter¬ 
ference  rings  on  the  screen  at  O-Y  lying  pcrjxmdicular  to  the  X 
axis.  For  this  lens-free  system  the  radius  of  the  mth-order  ring 
for  light  of  wavelength  A  is  given  by  the  expression  for  the  super¬ 
position  of  two  Huygens  wave  fields* 

,rt  =  H(^+P^)V“1J+ - - J’  (1> 

where  the  distance  lietween  mirrors  i=(«-f  J)A/2  (taking  into 
account  the  phase  difference  in  the  half-silvered  Ittam  splitter), 
n  lieing  on  integer.  Our  observations  are  concerned  with  the 
central  spot,  namely,  the  zero- order  condition;  i.e.,  I  o“0.  Since 
our  condition  is  equivalent  to  the  observation  of  two  coherent 
sources  in  the  direction  of  the  line  joining  them,  all  correlation 
functions  will  depend  on  the  delay  time  only  (cf.,  Ref.  6,  p.  500). 
The  light  source  used  was  a  strip  tungsten  'amp  operated  at  a 


Fic.  i.  Dlairammide  repruenuuloa  of  the  MlcheUon  interferometer. 
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tem|>craUirr  of  2300°  K..  The  light  from  the  Michelson  interferom¬ 
eter  (Atomic  Lalroratories  type  M-4)  was  examined  with  a  grating 
monochromator  (Perkin-Elmer  model  112,  slit  opening  0.7  mm 
and  hence  resolution  about  20  A)  along  the  axis  SiSjO  of  the  inter¬ 
ferometer  at  a  distance  of  2  meters.  In  Figs.  2  and  3  are  shown  the 
photoelect rically  recorded  intensity  distribution  as  a  function  of 
wavelength  for  two  different  distances  lietween  the  mirrors.  The 
dotted  curve  of  Fig.  2  is  the  result  when  the  mirror  separation  is 
large  (0.1  mm).  The  spectral  modulation  such  ac  shown  in  Figs.  2 
and  3  depends  on  the  mirror  separation:  the  smaller  the  separation 
the  greater  is  the  amplitude  and  the  greater  is  the  wavelength 
difference  lietween  the  maxima.  When  the  mirror  separation  is  a 
few  wavelengths,  the  spectral-modulation  curve  is  very  sensitive 
to  air  currents,  owing  to  changes  in  optical  path  length  resulting 
in  a  continual  shifting  of  the  peaks.  Hence  the  system  was  shielded 
against  such  influences. 

The  spectral  curves  of  Figs.  2  and  3  can  lie  described  by  the 
formula 

♦M-*»(e)[1  +J(T)  cos2»er],  (2) 

where  *o(r)  is  the  spectral  distribution,  of  the  blackbody  radiation 
and  T  is  the  delay  time  of  the  two  lieams  (7  =2r/c).  Our  results 
show  (Table  I)  that  the  factor  f(T)  is  a  moactonitally  decreasing 
function  of  TV  The  function  j(T)  may  be  readily  calculated  from 
the  modulation  curves  since  it  equals  [♦(V)m“— ♦“ta3/C*(i'),“* 
F*(*)“ta],  where  #(»')■“*  and  ♦(v)"1"’  are  the  envelopes  of  the 
modulation  which  themselves  are  of  the  form  *o(r);  i.e.,  in  our 
case,  the  blackbody  radiation  distribution.  The  separation  of  the 
two  mirrors  is  determined  by  the  expression  2*-(»+})X« 
*■  (a+3/2)X,Ti  etc.  and  X„>X,+i.  For  example,  from  the  modula- 
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I' Hi.  3.  y'jac  as  rig.  2  bill  for  fialli  difference  of  342  XIO”‘ cm. 


imii  curve  of  Fig.  2  we  calculate  h  to  lie  0.0194  mm,  accurate  to 
about  not  I  siuiil  angstroms.  With  a  higher  resolution  monn- 
cliromatnr  ,  .  the  one  we  employed  projmriionally  greater 

accuracy  coult'  l-s  obtained  The  wavelength  jrosilion  of  the  | leaks 
shifts  with  changes  in  s,  which  clearly  indicates  changes  in  the 
mirror  reparation  amounting  to  a  fraction  of  a  wavelength. 
Similarly,  by  this  technique  changes  in  optical  path  length  can  ii 
measured  without  .my  mechanical  displacement  of  the  mirrors  nf 
the  interferometer. 

Thu  path  differences  in  onr  system  for  which  sjiectrai  nuxiuia- 
lion  appears  (Table  I)  arc  some  two  orders  of  magnitude  greater 
than  the  coherence  length.  Thus  Mehta1  calculates  for  blackliody 
initiation  a  coherence  length  O.G7  hc/kT,  using  Wolf’s  definition 
of  coherence  lime.*  (MamlcTs  iietinitioii*  gives  almu'..  twice  this 

Tasck  I  Modal. 'ion  factor  /(D  as  a  IniHltuii  »f  i-a'.li  difference. 
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(cm) 

(JCC) 

an 

194 

6.4) 

0-1525 

219 

7.30 

11262 

342 

11.4 

0.106 

valur.)  fience  at  2.nX)“K  *he  coherence  length  is  4.14X10' 6  cm 
Fur  such  large  |«tth  differences  as  in  our  case,  no  interference 
should  lie  expected  but  nevertheless  spectral  modulation  cun  nc 
cur.-'  For  twr,  cross-sped  ndly  pure10  light  I  warns  of  equal  intensities 
Mandcl's  theory*  yields  an  equation  of  the  form  of  Eq.  (2)  but  now 
bis  Tu(0),thc  tenvHiml  degree  of  cohere  cc  at  zero  path  difference, 
is  replaced  by  /(if-).  As  seen  in  Tabic  II  the  factor  j(T)  is  indc- 


TaRI.K  It.  Modiitil lun  factor  f(T)  a*  a  function  of  wavclt-aijdi 
(-•J-342  XIOI  cm). 
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liendent  of  wavelength.  The  same  is  I  rue  for  the  temporal  degree 
of  cuiiercnce  for  blackliody  radiation  as  snotvn  in  the  theory  of 
Unurret"  and  of  Kano  and  Wolf.11  This  oggcsls  that  the  factor 
f(T)  is  proportional  to  the  temporal  dcgri  c  nf  coherence. 

•  Work  Ktipiiortfii  by  the  U.  S.  Office  oi  Naval  Kciraicli  under  t'ontract 
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